Coordination-based supramolecular chemistry, [1] with its characteristic control of the self-assembly process and intrinsic defect tolerance, has been proven to be a very efficient synthetic tool to fabricate metallosupramolecular networks of well-defined topology in one, two, and three dimensions. [2] [3] [4] [5] [6] [7] [8] This strategy was recently applied to low dimensions by assembling regular molecular architectures from organic molecules and transition-metal centers directly on solid surfaces. [9, 10] A variety of surface-supported molecular network structures has been made accessible by the general application of a surface-assisted metal-coordination method to metal centers and aromatic polycarboxylic acids on metal surfaces. [9] As valid for supramolecular structures in general, the structures of the two-dimensional metal-organic coordination networks (2D-MOCNs) formed are predetermined by the properties of the ligands (e.g., donor atoms and their spatial arrangement, steric crowding) and the electronic characteristics of the metal ions (e.g., involved orbitals, ionization energies). However, under 2D conditions, the realization of a given coordination algorithm might be altered by the presence of a metal substrate, which results in deviating coordination geometries for the same metal-ligand coupling in comparison to the 3D situation (e.g., in the bulk phase). Such deviation can be attributed to charge transfer or screening effects and the strict 2D confinement of ligands and metal centers imposed by the substrate, which substantially influences the characteristics of the metal-to-ligand bonding within the 2D coordination network. [10e] 
Coordination-based supramolecular chemistry, [1] with its characteristic control of the self-assembly process and intrinsic defect tolerance, has been proven to be a very efficient synthetic tool to fabricate metallosupramolecular networks of well-defined topology in one, two, and three dimensions. [2] [3] [4] [5] [6] [7] [8] This strategy was recently applied to low dimensions by assembling regular molecular architectures from organic molecules and transition-metal centers directly on solid surfaces. [9, 10] A variety of surface-supported molecular network structures has been made accessible by the general application of a surface-assisted metal-coordination method to metal centers and aromatic polycarboxylic acids on metal surfaces. [9] As valid for supramolecular structures in general, the structures of the two-dimensional metal-organic coordination networks (2D-MOCNs) formed are predetermined by the properties of the ligands (e.g., donor atoms and their spatial arrangement, steric crowding) and the electronic characteristics of the metal ions (e.g., involved orbitals, ionization energies). However, under 2D conditions, the realization of a given coordination algorithm might be altered by the presence of a metal substrate, which results in deviating coordination geometries for the same metal-ligand coupling in comparison to the 3D situation (e.g., in the bulk phase). Such deviation can be attributed to charge transfer or screening effects and the strict 2D confinement of ligands and metal centers imposed by the substrate, which substantially influences the characteristics of the metal-to-ligand bonding within the 2D coordination network. [10e] A study of surface-assisted coordination of iron and cobalt centers with polycarboxylic acids has revealed orthogonally arranged 2D-MOCNs exhibiting even, mostly fourfold, symmetry. In contrast, 2D-MOCNs exhibiting threefold symmetry, such as honeycomb structures or similar ones with more complexity, such as kagomØ lattices, have not yet been observed on surfaces. Also in the 3D bulk phase, metalorganic coordination network structures that exhibit an oddnumbered symmetry are much less frequently observed than their even-symmetry counterparts. [11] However, a series of 2D hexagonal supramolecular structures was constructed through multiple hydrogen-bonding interactions on different surfaces by using specifically designed organic molecules. [12] Herein we report two surface-supported 2D-MOCNs that exhibit threefold symmetry. Extended hexagonal coordination networks are formed either from iron centers with linear 4,4'-biphenol ligands (1) or from cobalt centers with linear 1,4';4',1''-terphenyl-4,4' '-dicarbonitrile ligands (2) on copper or silver single-crystal surfaces. We have shown by using substrates with different symmetries that the threefold symmetry is intrinsic to the metal-ligand coordination and is not due to geometrical templating effects of the underlying surfaces.
STM topographs of the coordination node of the network formed by Fe centers and three ligands 1 on an Ag(111) surface and a Cu(100) surface are shown in Figure 1 a and Figure 1b , respectively. Both reveal a local threefold symmetry, which implies one iron center and three ligands. A model is shown in Figure 1 c, in which we assume that under the experimental conditions the molecules of ligand 1 are adsorbed with the aromatic rings parallel to the surface plane and that there is no distortion of molecules in comparison with those of the gas phase. Furthermore, X-ray photoemission-spectroscopy measurements reveal that the phenol groups are deprotonated resulting in negatively charged phenolates. [13] The deprotonation process is induced by the catalytic activity of the metallic surfaces and the deposited Fe, which was also observed in studies with moreacidic aromatic polycarboxylic acids. [14] [15] [16] The Fe À O bond lengths amount to (2.0 AE 0.3) and the estimated O-Fe-O angles vary from 100 to 1408, depending on the overall network structures. However, with respect to the underlying substrate, the exact positions of the iron atoms and molecules 1 remain unknown as simultaneous resolution of the atomic lattice of the surfaces was not achieved in our measurements. The STM data elucidate that the ligands do not point directly towards the central Fe atom but rather tilt clockwise (R) or anticlockwise (S) which accounts for the 2D chirality. [17] A second example of threefold coordination, the coordination of cobalt with 2 on an Ag(111) surface, is shown in Figure 1 d. The STM data imply that a mononuclear Co center is coordinated by three carbonitrile groups of 2, as shown by the model in Figure 1 e. The N-Co-N angles are close to the ideal value of 1208. In contrast to the Fe-phenolate coordination, the three linear carbonitrile ligands point symmetrically to the central Co atom. Therefore, the resulting coordination node does not exhibit any chirality.
In 3D bulk phases, the coordination of iron centers to phenolates leads exclusively to six-, five-, or fourfold coordination motifs; [18] to our knowledge, threefold coordination is not yet known. Similarly, benzonitrile and acetonitrile complexes of a multitude of d-and f-block metals are well-known and have been investigated, [19] but purely threefold coordination has not yet been observed. The emergence of unusual coordination geometries and coordination numbers in this study can be attributed to the very peculiar 2D environment of the metal surfaces not encountered in the conventional 3D coordination. The substrates cause rehybridization of the orbitals of the metal centers in the surface-supported MOCNs, [9e] which leads to unusual redox states for these metal centers. The tendency of the mostly p aromatic ligands to adopt a flat configuration at the surface can stabilize unusual coordination modes. Furthermore, the absence of solvent and gas molecules, which in bulk synthesis are very often able to occupy open coordination sites, may result in the formation of coordinatively unsaturated complexes under ultrahigh vacuum (UHV) conditions. Figure 2 a displays the overall network structure of the Fe-1 system developed on an Ag (111) Figure 2 a. The overall ratio of the two enantiomeric chiral centers is balanced, thus resulting globally in a 2D racemate.
The network domains can grow continuously over the entire terraces of the Ag(111) surface and frequently exceed 100 nm. Figure 2 b shows two domains with different orientations (indicated by two arrows), which enclose an angle of (14.5 AE 1)8. The domain boundary (marked by the dashed line) comprises distorted hexagons as well as pentagonheptagon lattice faults. The C hexagons tend to align in straight rows that go through a single domain, as indicated by the arrow in Figure 2 a. At relatively low coverage, when the surface is not yet fully occupied by the network, the T-type hexagons predominate. The C-type hexagons evolve when the network coverage is close to a full adlayer. Clearly, the lack of open space favors a compression of the network structure. Figure 3 shows the hexagonal Co-2 network on an Ag(111) surface. The formation of highly symmetric hexagons is predominant in this network as a consequence of the symmetric achiral coordination nodes. In each of the hexagons formed, the separation between two oppositely faced Co atoms is about 38 and a nearest-neighbor distance between Co atoms is about 19 . 
Angewandte Chemie
Possible templating effects of the substrate by assembling the same Fe-biphenolate network on a Cu(100) surface that exhibits fourfold surface symmetry is discussed below. Figure 4 reveals that hexagonal networks are formed despite the mismatch between the substrate and the network nodal symmetry. Three types of hexagons are observed: The first type, denoted as T type, shows C 3 symmetry, while the other two types reveal a low-symmetry parallelogram-like envelope, as indicated by F and P in Figure 4 a. The O-Fe-O angles deviate from the ideal of 1208 and fall in a range between 100 and 1408. Single molecules of 1 may be trapped in cavities, primarily in the hexagons of the F type (74 % filling rate). The three types of hexagons are present in approximately the same abundance.
Although the network extends in two dimensions, a strict periodicity of 22 is only obeyed in one direction (indicated by the straight arrow in Figure 4 a) . This direction is denoted as the high-symmetry row, which consists of a single type of hexagon. Overall we observed four different high-symmetry row orientations (three are present and marked out in the overview STM topograph of Figure 4 b), which are related to each other by rotation and mirror symmetry operations of the Cu(100) surface-symmetry point groups. The domain size of the networks is substantially smaller than for those formed at the Ag(111) surface. As shown in Figure 4 b the distorted hexagons (F and P types) are formed in the presence of open surface area, in contrast to the formation of the C-type hexagons at the Ag(111) surface, which only form when the adlayer is close to being full. Thus, this distortion is not caused by compression but rather by substrate template effects.
Despite the identical hexagonal topology, the networks formed on the fourfold Cu(100) surface differ from those formed on the threefold Ag(111) surface in: 1) the shape and organization of the hexagons; 2) the occurrence of different rotational and mirror domains; 3) the size of the single domains. These differences can be explained by template effects of the respective substrates, which cause slight displacements of the network elements from the ideal hexagonal-network positions as a result of the preferred adsorption sites of the molecules and iron atoms at the atomic lattice of the substrate. Because the nodes of a perfect hexagonal network cannot adsorb at the same lattice sites of the fourfold Cu(100) substrate, the network is deformed and forms the F-and P-type hexagons to optimize the adsorption.
Compared with the previously reported hydrogen-bonded nanometer-scale 2D hexagonal structures, [12] the metal-coordination-based hexagonal networks presented herein have several advantages: 1) higher thermal stability arising from the relatively strong coordination bonds; 2) structural flexibility, in particular that the bonding angles may deviate from 1208, which enables the network formation at substrates with different symmetry; 3) specific bonding, which reduces the frequently occurring structural faults in the hydrogen-bonded systems.
In conclusion, for the first time, two 2D-MOCNs expressing hexagonal topologies according to a specific local threefold coordination mode were formed on surfaces. The symmetry of the evolving coordination networks is independent of the symmetry of the substrate, which indicates that the metal-ligand coordination predominates over the substrate influences. Current work addresses the elucidation of the coordination characteristics of the metal centers involved, which will also set the basis for the investigation of the physical properties (e.g., magnetic properties) of the networks formed.
Experimental Section
Metal atoms (Fe, Co) and organic molecules 1 and 2 were subsequently deposited on the metal surfaces in standard UHV chambers with base pressures of less than 2 10 À10 mbar. The Cu(100) and Ag(111) surfaces were prepared by repeated cycles of Ar + ion sputtering and subsequent annealing at 800 K, by which flat terraces of up to 100 nm width separated by monatomic steps were obtained. Ligand 1 was bought (Fluka Chemie GmbH, Germany; purity > 98 %) and ligand 2 was synthesized following a modified procedure of a given protocol. [20] Both compounds were deposited by organic molecular beam epitaxy (OMBE) from a Knudsen cell evaporator, held at 415 (1) or 460 K (2) during deposition. Fe/Co atoms were evaporated by using an evaporator heated with an electron beam and The arrow marks the direction of the high-symmetry row. The white polygons highlight the hexagon frame of the P-type, F-type, and T-type. A tentative model is superimposed on the STM data with the same color code as that used in Figure 1 . b) An overview showing three differently oriented domains (shown by the white arrows). The domain size is considerably smaller on Cu(100) than on Ag(111). The image was taken at a tunnel current of 0.1 nA and a bias voltage of 0.5 V. Figure 3 . A high-resolution STM image of the honeycomb network of Co-2 on Ag(111). A tentative model is superimposed onto the data with the same color code as that used in Figure 1 . The image was taken at a tunnel current of 0.3 nA and a bias voltage of 1.9 V. a flux in the range of a few percent of a monolayer per minute. Deposition of 1 and Fe was performed at a substrate temperature of 400 K and deposition of 2 and Co at a substrate temperature of 300 K. Coverage below full monolayer saturation was employed for the molecular precursor layers to leave space for the formation of the more-open network structures. STM experiments with constantcurrent mode were performed in situ after samples had been cooled to room temperature or 10 K.
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